The ring opening polymerization (ROP) of the cyclic ester ε-caprolactone was studied 
Scheme 1: General synthetic methods for polycaprolactone.
The great interest in this polymer over the last eight decades can be attributed to its low melting point (59 -64 °C), high solubility in a large variety of organic solvents, exceptional miscibility, and mechanical compatibility with a large number of polymers, as well as its biodegradability and biocompatibility. 6 In addition, the extensive research carried out during the 1970s and 1980s in the field of biodegradable polymers led to interesting correlations between the molecular weight of the polymer, its biodegradation conditions and degradation kinetics. 7 Therefore, the application of PCL in the field of biomedicine is widespread and includes the scaffolds in tissue engineering, 8 long-term drug delivery systems 7b and contraceptive delivery systems. 9 Additionally, PCL is used as packaging material, 9 in microelectronics 10 and adhesives. 7e The availability of the monomer, ε-caprolactone, and the wide applicability of the corresponding polyester renders PCL an environmentally friendly, low-cost polymer with an increasing demand over the last two decades.
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The polymerization of ε-caprolactone has been investigated with a variety of main group 5, 12 and transition metals, 5, 13 as well as with lanthanide catalysts, 5, 14 affording insights into mechanistic details, thermodynamic and kinetic parameters as well as the control of the molecular weight and crystallinity of the resulting PCL. Despite the large variety of metal catalysts examined in the ROP of ε-caprolactone, only a few examples involving actinide-based catalysts can be found in the literature, 15 which can be attributed to the high oxophilicity of these elements. The oxophilic nature should result in a decrease in catalytic activity towards oxygen-containing substrates, since a reaction between the actinide centre and the oxygen atom of the substrate can occur, leading to the formation of thermodynamically stable, catalytically inactive actinide-oxo species as reported by Marks et al. 16 Since the low catalytic activity of the early actinides towards oxygen-containing substrates is attributed to their high electrophilicity, decreasing the electrophilic nature of the metal should lead to an increased reactivity towards oxygen containing molecules such as cyclic esters. Our method of choice for making the actinide centre less electrophilic is based on using highly nucleophilic and strongly electron-donating ligands, i.e. dependence of the steric demand of the R substituent on the imidazolin-2-imine ligand (Scheme 3). Furthermore, we reported the selective preparation of mono(imidazolin-2-iminato) thorium (IV) and uranium (IV) complexes by a selective protonolysis reaction of actinide metallacycles with neutral imidazolin-2-imines. 26 The uranium complexes 1-3 display short U-N bond distances 
Results and Discussion
Cyclopentadienyl uranium (IV) complexes have been investigated in the catalytic ROP of cyclic esters such as L-lactide and ε-caprolactone, exhibiting high activities. 15a Due to the high nucleophilicity of imidazolin-2-iminato ligands, we believe that the oxophilicity of the uranium centre should decrease, which should in turn increase the activity of the respective complexes towards oxygen containing substrates. Moreover, in a previous study, a zirconium (IV) imidazolin-2-iminato complex proved suitable for the polymerization of ε-caprolactone. 20 Therefore, we decided to investigate the polymerization of ε-caprolactone with complexes 1-3.
Surprisingly, these complexes showed markedly different reactivities towards ε- and 2 as initiators were all carried out using 5 mL of toluene as a solvent, and a catalyst to ε-caprolactone ratio of 1/1000. The lower catalytic activity of complexes 1 and 2 as compared to the bis(imidazolin-2-iminato) uranium compound 3, can probably be attributed to the higher steric encumbrance in complexes 1 and 2, which make the metal centre less accessible for an incoming substrate molecule. The polymerization results using complex 3 are shown in Table 1 . The yield of the obtained polymer increases linearly with time until the monomer is fully consumed after ~60 minutes ( Figure 2 ) suggesting a living polymerization (expected PDI = 1.0), however the molecular weight of the polymers is not increasing linearly. In addition, the activity of the catalyst remains constant until all the monomer is polymerized. Additional polymerization time reduces the activity almost linearly since there is no additional monomer. Interestingly, after additional time, the molecular weight of the polymer clearly increases, indicating that the complex is able to continue performing a transesterification, which causes also an increase of the PDI (entry 5, Table 1 ). Hence, the polydispersity of the obtained polymers at the beginning of the polymerization is close to 2, indicative of a single site polymerization mechanism. These results suggest that the polymerization initiated by complex 3 is in a rapid competition with a chain transfer mechanism (transesterification) between the catalytically active species.
Transesterification reactions of this type have been previously observed in the ROP of lactides and lactones, as well as in the co-polymerization of these monomers.
leads to a polymer with an ultrahigh molecular weight, which is not soluble.
When the reaction is carried out at higher temperatures, there is an increase in the activity and in the molecular weight of the polymer. A variation of the solvent to THF resulted in lower activities, suggesting competitive coordination of THF to the active catalytic species, which hampers the coordination of the substrate, ε-caprolactone. For investigating the mechanism of the polymerization reaction mediated by complex 3, we performed kinetic measurements, which exhibit a first order dependence on ε-caprolactone and catalyst (Equation 1, Figure 3 ). The thermodynamic parameters were determined from the Arrhenius plot (E a = 12.8(5) kcalmol -1 ) and the Eyring plot (∆S ‡ = -33.9(8) calmol
, which is presented in Figure 4 . A plausible mechanism for the polymerization of ε-caprolactone is shown in Scheme 4. In order to determine, whether both amido groups are active in the polymerization, we performed NMR experiments with stoichiometric amounts of the monomer, which lead to the observation that two equivalents of free amine were released per mole of catalyst. After the protonolysis step, the uranium-alkoxo- The large discrepancy between the activity of the isolobal cyclopentadienyl uranium (IV) complex Cp* 2 UMe 2 15 and complex 3 towards ε-caprolactone raised the question, whether the high activity of 3 could be attributed to the replacement of the cyclopentadienyl moiety by imidazolin-2-iminato ligands or to the replacement of the methyl ligands by amido groups. Therefore, we synthesized the respective isolobal complex Cp* 2 U(NMe 2 ) 2 (4)
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, and compared the kinetic data and reactivity with 3. The polymerization results are shown in Table 2 . In comparison to complex 3, the cyclopentadienyl analogue 4 displays lower activity at 90 °C and almost no activity at room temperature. The molecular weights of the polymers obtained are lower than those obtained for complex 3.
An increase in the average molecular weight of the polymer can be observed as a function of time ( Figure 5 ), and the polydispersity values indicate a singlesite polymerization process. As with complex 3, when the polymerization is complete, additional times reduces linearly the activity, thus the catalyst is able to perform a transesterification, as indicated by the larger molecular weight and increased PDI. substrate, in contrast to the amido moieties in 3 and 4. Therefore, complex 5 should in theory exhibit a very low activity in the ROP of ε-caprolactone, if the U-N bond displays a higher bond order. Therefore, the uranium (IV) bis(ketimido) complex 5 was synthesized and its reactivity towards the ROP of ε-caprolactone was studied.
The results are summarized in Table 3 . Similar to 4, complex 5 showed only catalytic activity at higher temperatures. The activities obtained were higher than those of complex 4, but lower than found for 3. The isolated polyester exhibits high molecular weights, which increase over time, and narrow polydispersities (~2.0) indicating a single-site catalyst mechanism. When the polymerization was carried out at room temperature or in THF, no product was obtained. For elucidating the mechanism of this reaction, an NMR scale reaction with stoichiometric amounts of ε-caprolactone was carried out. Neither the ketimido ligands nor the cyclopentadienyl ligands could be observed as free ketimine, or cyclopentadiene, respectively, which suggests a Lewis acid catalysed mechanism. The mechanism presented in Scheme 6 involves an activation of the monomer by the Lewis acidic metal complex, which was previously observed with other main group and transition metals, followed by a nucleophilic attack of an incoming monomer unit B, leading to the growing polymer chain D. 30 The polymerization process is terminated by an additional equivalent of ε- Kinetic and thermodynamic NMR studies have shown a first order dependence on monomer and catalyst (Equation 3, Figure 8 ).
The energy of activation (E a = 23.55 kcalmol -1 ) was determined as described previously from the Arrhenius plot (Figure 9 ), the enthalpy of activation (∆H ‡ = 22.8(5) kcalmol -1 ) and the entropy of activation (∆S ‡ = -15.0(9) calmol -1 K -1 )
were determined from the Eyring plot. The large value for the energy of activation is reflected in the high temperatures required and provides an explanation for the lack of reactivity at room temperature. 
Conclusions
A series of imidazolin-2-iminato and pentamethyl)cyclopentadienyl uranium (IV) complexes (1) (2) (3) (4) (5) were studied as initiators in the ring opening polymerization (ROP) of the cyclic ester ε-caprolactone. Due to the high nucleophilicity of the imidazolin-2-iminato ligands, the U-N bond in complexes 1-3 displays a higher bond order than one. Hence these complexes should display a slightly decreased oxophilicity and therefore a higher catalytic activity toward oxygen containing molecules. The activity of complex 3 in the ROP of ε-caprolactone was investigated, leading to an extraordinarily high activity.
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Mechanistic studies confirmed a coordination-insertion mechanism, in which both amido moieties were found to be active in the polymerization reaction, yielding two equivalents of free amine in the first step of the catalytic cycle.
Kinetic NMR studies showed a first order dependence in monomer and catalyst. Because of the isolobal analogy between imidazolin-2-iminato and cyclopentadienyl ligands, 17 the reactivity of complex 4 27 towards the ROP ε-caprolactone was also investigated. The pentamethylcyclopentadienyl complex 4 was found to be only active at high temperatures, the activity and rates were both lower than that for 3. Mechanistic studies sustain a coordination-insertion mechanism, which is slightly different from the mechanism for the ROP mediated by complex 3. Although in both cases, the coordination of the metal centre to the substrate initiates the polymerization reaction, in the case of complex 4, the amido moieties are not eliminated as free amine, but can be found as an end group in the first polymer chain that is introduced in the first step of the catalytic cycle. Surprisingly, the protonolysis reaction observed for complex 3 was not observed in the activation step for complex 4, although the resulting N-dimethylamine and N-ethylmethylamine display very similar pK a values. However, no dissociation of the pentamethylcyclopentadienyl moiety was observed. Therefore, we synthesized the uranium (IV) ketimido complex 5
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, in which the two ketimido moieties display similar bonding properties as the imidazolin-2-iminato ligands in 3 and should not dissociate upon addition of the substrate. Owing to the strong bonding of the pentamethylcyclopentadienyl and ketimido ligands in 5, a coordination-insertion mechanism is not likely, and a lower activity is expected, due to the steric encumbrance of the ligands, rendering the uranium (IV) centre less accessible for an incoming monomer.
Mechanistic studies confirmed that all four ligands stay coordinated to the uranium centre upon addition of a stoichiometric amount of ε-caprolactone, suggesting a cationic mechanism, in which the uranium complex 5 acts as a Lewis acid. The ketimido complex 5 exhibits low activity at elevated temperatures (90 °C) and no activity at room temperature, which was further sustained by the low rates of polymerization found by kinetic NMR measurements. Complex 3 displayed the lowest activation barrier, which explains the extremely high activity at low temperatures as compared not just to actinides but to any other reported metal induced polymerization. 
